The citrus psyllid Diaphorina citri Kuwayama transferred huanglongbing (HLB) are distributed in the southern Islands (Yaku, 30°20ЈN, 130°30ЈE) of Japan. To predict the northern limit of the spread of the insect, I examined temperature-dependent development and determined the developmental zero of the insects in a laboratory. Eggs and nymphs were reared at temperatures of 15.0 to 32.5°C at an interval of 2.5°C with 16L : 8D on shoots of orange jasmine, Murraya exotica L. Nymphs at 15.0°C fail to develop to adults, and the mortality of those at 32.5°C increased. The incubation period decreased at higher temperatures, varying 15.0 to 2.5 d. These nymphs became adults in 36.3 d at 15.0°C and in 10.7 d at 30°C, but 16.8 d at 32.5°C. The developmental zero and effective accumulative temperatures were 13.66°C and 46.93 d-degrees in the egg group, 11.56°C and 192.27 d-degrees in the nymph group, respectively. Based on these results and winter temperatures, the northern limit of nymphal overwintering of the psyllid in Japan was predicted: the northern limit may be off the southern shores of Kyushu Island, southern Japan, and ca. 31°N.
INTRODUCTION
Citrus greening disease or "Huanglongbing", referred to as HLB hereafter, is the most serious disease of citrus fruits in many parts of Asia and Africa, causing reductions in both yield and fruit quality (Da Graça, 1991; Aubert et al., 1996) . Two types of HLB bacterium are known, Candidatus Liberibacter asiaticus and Ca. L. africanus, both of which are transferred from infected to healthy plants by the psyllids; Diaphorina citri Kuwayama in Asia and Trioza erytreae Del Guercio in Africa. D. citri and Ca. L. asiaticus occur in Asia and Brazil (Catling, 1970; Aubert, 1987; Teixeira et al., 2005) , while the psyllid has recently invaded USA (Halbert et al., 2002) . The African citrus psyllid, T. erytreae, and the African pathogen Ca. L. africanus, are known in Africa and the Arabian Peninsula (Catling, 1970; Aubert, 1987) .
In Japan, Asian citrus greening disease was first found in 1988 on Iriomote Island (Miyakawa and Tsuno, 1989 ) and traveled ca. 1,000 km north in this decade (Ashihara, 2004) . Although distributions of both psyllid and HLB are limited to the southern islands below Kyushu, Japan, the invasion of the pest in the southern area of Japan's major islands, Kyushu, Shikoku and Honshu, may be possible. In particular, adult psyllids can survive under 0°C (Ashihara, 2004) , and the insect's population might even be able to be maintained in the northern part of Japan. To avoid future possible problems with HLB, the spread of the vector needs to be predicted. However, little is known about temperaturedependent development; especially, developmental zero and effective accumulative temperature (Yang, 1989; Liu and Tsai, 2000) . Using psyllids of Japanese populations, I examined temperature responses of the insect as stated above. Based on the results, I tried to determine the possible overwintering of immature psyllids in Japan using the monthly mean temperatures during winter in Japan. I compared my results with others to detect the differences between local populations.
MATERIALS AND METHODS
Stock culture of psyllids. For this study, psyllids were collected from orange jasmine (Murraya exotica L.) plants in Ishigaki, southern Japan, in September 2000. The insects were maintained on orange jasmine (40-50 cm in height) plants placed in transparent acrylic cages (35 cmϫ35 cmϫ 50 cm) in a laboratory controlled under the conditions of 25Ϯ0.1°C and 16L : 8D. The offspring were used.
A total of 24 transparent glass tubes (6 cm in lengthϫ3 cm-diameter) with an orange jasmine shoot (ca. 4 cm) and wet cotton in the bottom for moisture were prepared. Gravid females randomly taken from the stock were placed individually in the tube for 1 h to facilitate egg-laying on the plant. Three tubes (three replicates) were exposed to each of eight temperature treatments: 15.0Ϯ0.1°C, 17.5Ϯ0.1°C, 20.0Ϯ0.1°C, 22.5Ϯ0.1°C, 25.0Ϯ 0.1°C, 27.5Ϯ0.1°C, 30.0Ϯ0.1°C and 32.5Ϯ0.1°C under 16L : 8D. Removing females, I counted eggs on the plants in these tubes using a binocular microscope and checked the hatching of eggs every 24 h.
Nymphal growth at various temperatures. Newly-hatched first instar nymphs were transferred individually onto a shoot of an orange jasmine (two years old, ca. 10 cm in height) planted in ceramic pot (10 cm in heightϫ12 cm-diameter). Orange jasmines were pruned so that they were kept 10 cm high, thereby facilitating the sprouting of many young shoots. The plants were placed in a laboratory under the same conditions as stated above. For each stage, 30 specimens were examined for each temperature treatment. The growth of individual nymphs was checked every day at 9:00 AM. Exuviae were used as the evidence of molting.
Developmental zero and effective accumulative temperature were obtained by a liner regression analysis of the developmental velocity (V, reverse of developmental time) on temperature (T):
where, a is the regression coefficient slope and b is the intercept. The developmental zero is given when Vϭ0 in Eq. (1), and the effective accumulative temperature (K) is calculated using the "historical" formula,
where, z is the developmental zero obtained above. Prediction of nymphal overwintering. Since winter begins in December and continues to February in Japan, as these months are coolest, I used the mean of daily maximum temperatures during these months from 1971 to 2000 based on normal readings of manned, surface meteorological observation (Japan Meteorological Agency, 2001) and made a temperature-contour map. I then compared the developmental zero I obtained in this study with mean temperatures at a given location in Japan. If the former was lower than the latter, I determined that psyllid could be distributed there, and vice versa.
RESULTS

Growth and survival
In general, nymphs grew faster at higher temperatures except for 32.5°C (Table 1 ). The fifth instar nymph required the longest time for development, followed by the first and fourth instars at each temperature. The development times for the second and third instars were a little shorter. The duration for egg hatching, total nymphal period and duration from egg-to-adult emergence of the psyllid under different temperature conditions are shown in Table 2 . The accelerating effect of the highest temperature, 32.5°C, was detected only for egghatching duration.
A significant effect of temperature on the survival of psyllids was seen when the insects were at the third to fifth instar stage. No death was observed until the fourth instar stage at 30.0°C or below. Lethal effects of temperature appeared when psyllids were maintained at 32.5°C and they grew to the third instar stage, and about 84% of the nymphs died in the fifth instar stage (Table 1) . Although no nymphs died at the lowest temperature, 15.0°C, until they reached the fourth instar stage, all died in the fifth instar stage. On the other hand, all psyllids become adults at any temperature between these two extremes.
Estimation of effective accumulative temperature
The relation between the temperature and developmental velocity of the eggs from time laid to time hatched is shown in Fig. 1 
Equation (3) provides the developmental zero and the effective accumulative temperature of the egg as 13.66°C and 46.93 d-degrees, respectively.
Similarly, the developmental velocity of nymphs was obtained as shown in Fig. 2: Vϭ0.0052TϪ0.0601 (r 2 ϭ0.9777; nϭ6; pϭ0.0002) .
The developmental zero and effective accumulative temperature of the nymphs were 11.56°C and 192.27 d-degrees, respectively. If the total development time from egg to adult is taken into account, the following regression is obtained (Fig. 3) :
Vϭ0.0043TϪ0.0523 (r 2 ϭ0.9946; nϭ6; pϽ0.0001) .
The developmental zero and effective accumulative temperature calculated from Eq. (5) were 12.16°C and 232.26 d-degrees, respectively.
Possible northern limit of overwintering in nymphal stage
The above results suggest that the immature psyllid could not overwinter at locations where the maximum temperature during the coldest season is below 15°C. This line lies offshore of the mainland of Japan (Fig. 4) . This suggests, in turn, that psyllid in the immature stage cannot overwinter on the mainlands of Japan.
DISCUSSION
The relation between development and temperature of D. citri has been examined using other host 386 T. NAKATA Fig. 2 . The developmental time (᭹) and its reverse, developmental velocity (᭺), of nymphs (first to fifth instar) of Diaphorina citri plotted against the temperatures at which they were reared. The regression equation of the velocity on the temperature is also shown. Fig. 4 . The present distribution (solid line) of Diaphorina citri and predicted limit of its spread (broken line) in Japan. Fig. 1 . The developmental time (᭹) and its reverse, developmental velocity (᭺), of eggs of Diaphorina citri plotted against the temperatures at which they were reared. The regression equation of the velocity on the temperature is also shown. Fig. 3 . The developmental time (᭹) and its reverse, developmental velocity (᭺), of the period from egg-to-adult emergence of Diaphorina citri plotted against the temperatures at which they were reared. The regression equation of the velocity on the temperature is also shown.
plants. I calculated the developmental zero and effective accumulative temperature from the results of Yang (1989) , who studied the growth of psyllid on the lemon tree, Citrus limonia, at 15, 20, 25, and 30°C. The developmental zero of eggs, total nymphal stage and egg-to-adult emergence were 9.18, 10.39 and 10.13°C, respectively. The developmental zero was thus lower at every stage in this study when compared to my present study, and the effective accumulative temperature was higher. Hence, Chinese psyllids adapted to lower temperatures than Japanese psyllids. Psyllids of the USA maintained on orange jasmine, Murraya paniculata L., adapted to lower temperatures than Chinese and Japanese psyllids: 8.96°C of the developmental zero and 67.50 d-degrees of the effective accumulative temperature in the egg group, 10.81°C and 185.19 d-degrees in the nymph group, and 10.45°C and 249.88 d-degrees for the egg-to-adult emergence group (Liu and Tsai, 2000) . American psyllids have a lower developmental zero than Japanese psyllids; it is rather close to Chinese psyllids. Also, their effective accumulative temperature from eggto-adult emergence is rather closer to the Chinese psyllid than to the Japanese psyllid.
Since immature psyllids did not survive at only the lowest temperature, 15.0°C, in the present study (Table 1) , the overwintering of immature psyllids may not succeed in places where the daily maximum temperature under 15°C continues during winter. The isothermal line of the daily maximum temperature of 15°C in winter lies off the southern shores of Kyushu (Fig. 4) . The current northern limit of psyllid distribution in Japan almost corresponds to the 15°C isothermal line. However, the spread of psyllids can reach further north, since the low-temperature tolerance of adult psyllids is much higher than the low-temperature tolerance of the immature psyllid. For example, Ashihara (2004) suggests that adult psyllids can overwinter in Kuchinotsu, Kyushu (Fig. 4) . Although more experiments and both ecological and physiological studies on the pathogen and vector are necessary, it is assumed that the psyllid can potentially invade northern areas of Japan. The quarantine system needs to be strengthened to prevent the spread of this problem.
